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Modulationofformalin-inducedFos-likeimmunoreactivity
in the spinal cord by swim stress-induced analgesia,
morphine and ketamine
Veränderung der formalinbedingten c-fos-ähnlichen Immunreaktivität
im Rückenmark infolge Stress und Behandlung mit Morphin und
Ketoamin
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Zusammenfassung
Die Induktion von c-fos-Aktivität im Rückenmark unter Schmerz ist all-
gemein bekannt. Diese Studie hat zum Ziel, die Wirkung von
Sciences, Health Campus,
Universiti Sains Malaysia,
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Malaysia
Schwimmstress auf die durch Formalininjektion ausgelöste c-fos-ähnli-
che Immunreaktivität und wie diese unter Ketoamin- und Morphinbe-
handlung verändert wird zu untersuchen. Akut gestresste und nicht-
gestresste,ausgewachsene,männlicheSprague-Dawley-Rattenwurden
mitintraperitonealenInjektionenvonKetoamin(5mg/kg)oderMorphin
(10mg/kg)oderdurchInjektionenvonphysiologischerKochsalzlösung
5 Minuten vor Beginn des Experimentes behandelt. Die akute Stresssi-
tuation wurde durch Schwimmen im Wasser bei 20°C über 3 Minuten
erzeugt.VerdünntesFormalin(Formaldehyd,Merck)wurdeindiehintere
Pfote der Ratten injiziert und der Formalineffekt untersucht. Die Ratten
wurden anschließend getötet, das Rückenmark (L4-L5) wurde für die
immunhistologischen Analysen der c-fos-ähnlichen Immunreaktivität
herauspräpariert.DieAuswertunginderzweifaktoriellenVarianzanalyse
zeigte im Formalintest signifikante Effekte von Stress, von Pharmaka
und von Stress-Pharmaka-Interaktionen auf die c-fos-ähnliche Immun-
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imFormalintest.IndermitphysiologischerKochsalzlösungbehandelten
gestressten Gruppe war die c-fos-ähnliche Immunreaktivität verglichen
mit den nicht-gestressten kochsalzbehandelten Tieren auf der ipsilate-
ralen Seite unterdrückt (p<0,01), aber auf der contralateralen Seite
(p<0,01)erhöht.BeiMorphin(ipsilateralp<0,05;contralateralp<0,001)
und bei Ketoamin (ipsilateral p<0,05; contralateral p<0,05) war sie
verglichen mit ihren korrespondierenden nicht gestressten Gruppen
sowohl auf der ipsilateralen als auch auf der contralateralen Seite er-
höht. Aus den Experimenten folgt, dass Stress zu diskrepanten Ergeb-
nissen zwischen verhaltensbedingten Manifestationen von Schmerz
und c-fos-Induktion im Rückenmark führen kann.
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Introduction
The discovery of the c-fos proto-oncogene [1] led to ex-
tensivestudiesonpain-inducedFos-likeimmunoreactivity
(FLI) expression in the central nervous system including
the spinal cord [2], [3], [4], trigeminal brain stem neur-
ones[5],supraopticnucleusofthehypothalamus[6]and
thalamus [7]. C-fos has been designated the marker for
noxious stimulation and implicated in the development
of central sensitization mediated by the N-Methyl-D-As-
partate(NMDA)receptor[8].Endogenousopioids,onthe
other hand, are released under stressful conditions and
produceanalgesiabyinhibitingtheexcitabilityofsensory
nervesand/orthereleaseofexcitatoryneurotransmitters
that leads to modulation of pain and induction of anal-
gesia [9]. These form the basis for utilizing morphine, an
opiate, and/or ketamine, an NMDA receptor antagonist,
in preemptive analgesia [10], [11].
C-fos has been utilized as a marker to evaluate the effic-
acy of analgesic and anaesthetic drugs in preventing the
“memory of pain” [12], [13]. However, the effects of
ketamine on c-fos induction [14], [15] and its usage as
preemptive analgesic agent produced conflicting results
[16], [17], [18], [19]. Some reported beneficial effects
[20] while others did not obtain supportive results [21].
While c-fos expression is clearly the result of noxious
stimulation, the question arises as to whether its induc-
tion can be modified by other factors such as stress ac-
companying the pain stimulus.
Variousstressorssuchasfootshock[22],swimming[23]
and restraint [24] are capable of producing analgesia in
laboratory animals. This phenomenon is called stress-in-
ducedanalgesia[25]thatcanbeopioidand/ornon-opioid
mediated [26]. Studies have demonstrated that c-fos
expression was induced by stress in certain areas of the
brain [27] and in peripheral organs [28]. However, very
few studies have looked at stress induced expression of
c-fos in the spinal cord and how pain modulates its ex-
pression. The spinal cord plays a major role in the integ-
ration and modulation of nociceptive inputs prior to
messages being sent to higher centres [29]. Harris et al.
[30] demonstrated that rats preexposed to conditioned
stimuli paired with an aversive event exhibited reduced
pain behaviour in the formalin test that corresponded
withreductioninFosexpressioninthespinalcord.These
conditioned hypoalgesic responses are mediated by
descending pathways from the midbrain and brainstem
that disrupt nociceptive processing in the spinal cord.
Theaimofthepresentstudywastodeterminetheeffects
of acute swim stress on Fos-like immunoreactivity in the
rat due to formalin injection and how ketamine and
morphine modulate its expression.
Materials and methods
Animals
Experiments were performed on adult male Sprague-
Dawleyratsweighingbetween230–350g.Theratswere
maintained in a 12-h light dark cycle and allowed free
access to food and water. They were housed in individual
cages and allowed adaptation for at least four days in
the physiology department laboratory. Each animal was
used only once. Experiments were performed between
08:00and16:00inthephysiologydepartmentlaboratory.
Animals were obtained from Animal House, Health Cam-
pus, Universiti Sains Malaysia. This study was approved
by the Animal Ethics Committee of Universiti Sains
Malaysia.
Drugs used
All drugs and saline controls were administered as pre-
treatment i.e. before the swim stress and formalin injec-
tion procedures. Saline 0.9% was used as vehicle to dis-
solvethedrugs.Thedrugsusedwereketamine5mg/kg,
morphine10mg/kg,andsaline0.9%ascontrol.Alldrugs
and saline were injected intraperitoneally at a volume of
1 ml/kg. As the ketamine dose used was low, the rats
experienced minimal duration (less than five minutes) of
loss of righting reflex and had recovered fully before un-
dergoing swim stress. The morphine dose used was
shown to produce analgesia in the rat formalin test [31].
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Rats were allocated to one of six experimental groups
witheightanimalsineachgroup.Thenon-stressedgroups
were pretreated with ketamine, morphine, or saline, and
formalin injection was administered 30 minutes after.
Thestressedgroupsreceivedsimilarpretreatmentasthe
non-stressedgroups.However,17minutesafterpretreat-
ment,theyweresubjectedtothreeminutesofswimstress
in 20ºC water followed by formalin injection 10 minutes
after cessation of swimming. Ten minutes was chosen
as it corresponded to the time of peak antinociception
following swim stress [32].
Acute swim stress procedure
A container measuring 92 cm x 46 cm x 46 cm high
containing 20 cm of water at 20°C was used for this
purpose. Rats were placed in the water individually and
lefttoswimforthreeminutesbeforebeingremoved[32],
[33].
Formalin injection
Ten minutes after cessation of acute swim-stress, the
rats were manually restrained by a second experimenter
and 50 μl of dilute (1%) formalin [12] was injected to the
plantar aspect of its right hindpaw. The rat was then
placed in a perspex testing chamber measuring 26 cm x
20 cm x 20 cm. A mirror was placed below the floor of
the chamber at 45° angle to allow an unobstructed view
of the rat’s paws [31], [33], [34]. The amount of time
spent in each of four behavioural categories, 0–3, was
recorded with a videocam [35] starting from the time of
injection until the end of one hour. The tape was later
viewedbytwoobserversblindedtothetreatmentofeach
rat and the formalin test score was tabulated every
minute and averaged at 5-minute intervals [12]. The
quantification was based on the total time spent in 4
behavioural categories [31]. The categories were:
0 = the injected paw is not favoured (i.e. foot flat on the
floorwithtoessplayed)indicatinginsignificantornopain
felt
1 = the injected paw has little or no weight on it with no
toe splaying indicating mild pain felt
2 = the injected paw is elevated and the heel is not in
contact with any surface indicating moderate pain
3 = the injected paw is licked, bitten or shaken indicating
severe pain
All rats were used only once and sacrificed after experi-
ment.
Sacrifice of animals and perfusion-
fixation of spinal cord
Five rats from each group were selected for immunohis-
tochemistry to detect Fos-like immunoreactivity (FLI). All
rats were sacrificed 120 minutes after formalin injection
to ensure that the pattern of Fos expression was contrib-
uted by the entire second phase of the formalin test [3].
Rats were anaesthetized deeply with an overdose of so-
diumpentobarbitoneintraperitoneally[36].Followingthe
loss of pinch reflex, thoracotomy was done to expose the
heart and an 18G branula was inserted into the apex of
the left ventricle. An outlet for the perfusion solution to
flow out was created by making a snip over the right atri-
um. Perfusion was then performed by gravity method
usingfirstphosphate-bufferedsaline(PBS)[37]untilclear
fluid was flushed out (approximately 120 ml). This was
followed by 500 ml of cold 4% paraformaldehyde in
phosphate buffer (PB) 0.1 mol litre
-1 (pH=7.4) [34].
Dissection of spinal cord and cryostat
sectioning
Ratsweredissectedbyposteriorapproachandvertebrae
wereexposed.Thesciaticnervewasidentifiedandtraced
from the popliteal fossa to its origins at L4 and L5 seg-
ments of the spinal cord [38]. Laminectomy [37] was
done to expose the spinal cord and the L4 and L5 seg-
mentswereremoved.Extractedspinalcordswerelabeled
with a 1-mm lateral, longitudinal incision contralateral to
thesideofformalininjection[37].Thecutsegmentswere
then post-fixed in fresh perfusion solution (4% PFA in PB
0.1M) at 4°C for 4 hours, and cryoprotected overnight in
20% sucrose in phosphate buffer 0.1M at 4°C until the
cord sank [39]. The segments were next embedded in
tissue freezing medium (Jung) and sliced into 30 µm
sections using a cryostat [37]. Sections were transferred
usingapaintbrushtoa24-wellmultiwellplatecontaining
500 µl of PBS in each well.
Immunohistochemistry
Sectionswerestainedwithathree-stepperoxidaseavidin-
biotin complex (ABC) method (purified primary antibody,
biotinylated secondary antibody, and ABC with DAB
(diaminobenzidine))forimmunohistochemicallocalization
of Fos protein [40]. After rinsing twice with Tris-buffered
saline (TBS) at 5 minutes each, the sections were incub-
ated with primary rabbit polyclonal anti-Fos antiserum
directed against residues 4–17 of the N-terminal region
of Fos peptide (Ab-5, Oncogene) diluted 1:20,000 with
TBS containing 2% normal goat serum (NGS) and 0.2%
Triton X-100 for 48 hours at 4°C with constant gentle
agitation [12]. After rinsing with three changes of Tris-
Triton [37] at 10 minutes each, the sections were incub-
atedwithbiotinylatedsecondaryantibody(goatanti-rabbit
antiserum;Vectastain,VectorLaboratories)diluted1:200
inTBScontaining2%normalgoatserum(NGS)and0.2%
Triton X-100 for 1 hour at room temperature. Sections
were then rinsed with three changes of Tris-Triton at 10
minutes each, and then reacted with an avidin-biotin
complex (Elite ABC, Vectastain) diluted 1:50 in TBS for 1
hour at room temperature. They were then rinsed in Tris-
Triton at three times 10 minutes and reacted with
diaminobenzidine solution (0.5 mg per ml of TBS) for 10
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to each well and a brown discolouration was observed
after 15 minutes. The reaction was stopped by rinsing
the sections with three changes of TBS at 10 minutes
each. After a quick rinse in deionized water, all sections
werethenmountedongelatin-subbedslidesandair-dried
overnight. Slides were then dehydrated with absolute
ethanolfor15minutes,mountedwithStyrolyteMounting
Medium and protected with a coverslip [38].
To examine the specificity of the primary antibody, non-
specific staining was tested by omitting one of each step
simultaneously for the non-stressed saline control rats.
Incubation without anti-c-fos antibody, secondary anti-
body, ABC and DAB was performed on different sections
and dark staining of the nucleus was completely absent
[41]. This approach ensured high quality of specificity for
the antibody in use.
Counting of FLI-labeled neurons
Sections were examined using light microscopy attached
to an image analyzer (Leica QWin) and the segmental
level was determined according to the grey matter land-
marks as described by Molander et al. [42]. Immunohis-
tochemicallydetectednuclear-associatedreactionproduct
was referred to as Fos-like immunoreactivity (FLI) [43].
At least 8–12 of the L4/L5 sections were scanned for
each rat, and six sections [36] with the greatest number
ofFospositivecells,characterizedbydarkbrownstaining
distinguishable from background [12], were selected.
Images of the spinal cord sections were captured at X25
todeterminethelaminadistributionandatX50tolocalize
Fos positive cells. Saved images were then printed out
in colour on glossy photo paper. The grey matter of each
section was divided further into 4 regions according to
Molander et al. [42]:
1. the superficial dorsal horn (laminae I–II)
2. the nucleus proprius (laminae III–IV)
3. the neck of the dorsal horn (laminae V–VI)
4. the ventral gray (laminae VII–X)
Fos positive cells were counted from the printed images
withrespecttoeachlaminabyablindedinvestigatorand
counterchecked with the image analyzer once to ensure
thatthecorrectdotswerecounted.Thecountswerethen
averaged for each rat. Counts that were questionable in
either quantity or quality were excluded.
Statistical analysis
Pain behaviour scores by formalin test were analyzed
usingtwo-wayanalysisofvariance(ANOVA)withrepeated
measures with one within subjects factor (time) and two
between subjects factors (stress and drug). Two-way
ANOVAwasusedtoanalyzetheeffectsofphase1forma-
lin test (mean score at 5 minutes) and phase 2 (mean of
scores from 10 to 60 minutes) with stress (non stress vs.
stress) and drug (saline vs. morphine vs. ketamine) as
the main factors. Post hoc Tukey test was performed for
drug and significance was accepted at p<0.05.
For each spinal cord section analyzed, the different lam-
inae were divided into superficial lamina (laminae I–II),
the nucleus proprius (laminae III–IV), the neck of the
dorsal horn (laminae V–VI), and the ventral lamina (lam-
inae VII–X). FLI expression was counted according to the
lamina. Data were analyzed using two-way ANOVA by
SPSS 11.0, with stress (non stress vs. stress) and drug
(saline vs. morphine vs. ketamine) as the main factors.
One-way ANOVA was used to compare the FLI between
the ipsilateral (injected) and contralateral (non-injected)
side of the spinal cord for each group and between the
non-stressed and stressed groups for each treatment.
Post hoc Tukey test was performed for the three drug
groups. Data were expressed as mean ± SEM (standard
errorofmean)andstatisticalsignificancewastakenwhen
p<0.05.
Results
Formalin test
Analysis using two-way ANOVA with repeated measures
revealed significant within subjects (time, time x stress,
time x drug, time x stress x drug: all p<0.001) and
between subjects effects of stress (F(1,42)=23.82,
p<0.001), drug (F(2,42)=50.52, p<0.001) and stress-drug
interaction (F(2,42)=7.31, p<0.05). Post hoc Tukey test
showed significant difference between both morphine
and ketamine groups compared to saline (morphine vs.
saline: p<0.001; ketamine vs. saline: p<0.001). There
was no significant difference between morphine and
ketamine.
Inthenon-stressedgroups,formalinproducedthetypical
biphasicpainresponseinthesalinegroup(Figure1).The
first phase includes a burst of activity within 30 seconds
of formalin injection. This phase lasted for about 5
minutes and was followed by a 5 to 10 minutes of re-
ducedresponsei.e.theratsshowedverylittlenociceptive
behaviour, and then by a second phase of activity that
lasts for at least 60 minutes after the formalin injection.
For both morphine and ketamine groups, the biphasic
response was markedly attenuated compared to the sa-
linegroupsignifyinganalgesia.Thisattenuationismarked
at 10 minutes until 35 minutes post-formalin injection,
afterwhichtheformalinscoresforbothtreatmentgroups
started to increase.
For the stressed groups, morphine and saline groups
showed biphasic pattern but the second phase of the
formalin test was depressed (Figure 2). While for the
ketamine group, the second phase was completely sup-
pressed, obliterating the biphasic pattern. At 5 minutes
post-formalin, which is equivalent to phase 1, ketamine
demonstrated the lowest score which was significantly
(p<0.05) lower than saline. After 5 minutes, however, all
three groups showed marked attenuation of the formalin
score. For saline this attenuation lasted until 35 minutes
4/12 GMS German Medical Science 2008, Vol. 6, ISSN 1612-3174
Asma Hayati et al.: Modulation of formalin-induced ...Figure 1: Mean formalin test scores in non-stressed groups against time. n=8 for all groups. Values are means ± S.E.M.
Figure 2: Mean formalin test scores in stressed groups against time. Values are means ± S.E.M.
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again.Morphineshowedslightincreaseinthescoreafter
35minutesbutthescoreswerestillsignificantly(p<0.01)
lower than the saline group. Ketamine, however, demon-
strated the greatest analgesia by complete attenuation
of the formalin score until 60 minutes post-formalin.
Formalintestresultsduringphase1and
phase 2
Comparingboththenon-stressedandthestressedgroups
duringphase1(5minutespost-formalininjection)bytwo-
way ANOVA with stress and drug as main factors, there
was significant effects of drug (F(2,42)=7.61, p<0.05) and
stress-drug interaction (F(2,42)=3.78, p<0.05) on the
formalin score. No significant effect of stress was seen
during this phase. Post hoc Tukey test for drug showed
significant reduction of formalin score for ketamine
compared to saline (p<0.05).
Duringphase2,significanteffectsofstress(F(1,42)=27.37,
p<0.001), drug (F(2,42)=57.03, p<0.001) and stress-drug
interaction (F(2,42)=5.22, p<0.05) on the formalin score
wereseen.Posthocanalysisshowedsignificantreduction
in the formalin test scores in the two treatment group
morphine and ketamine compared to saline. There was
nosignificantdifferencebetweenmorphineandketamine.
Summary of formalin test results
Theseresultsshow thatin the non-stressedgroups,both
morphine 10 mg/kg and ketamine 5 mg/kg produced
analgesia in the formalin test. All three stressed groups
demonstrated stress-induced analgesia during phase 2.
This analgesia was enhanced by prior treatment with
morphine or ketamine.
FLI
In the non-stressed animals given formalin, the highest
densityofFLIexpressioncanbeseeninthesalinegroup,
concentrated mainly on the ipsilateral side. In the
morphine and ketamine groups, there were reductions
in FLI expression (Figure 3).
All stressed groups showed FLI expression on both the
ipsilateral and contralateral sides. However, the distribu-
tion of the FLI in ipsilateral laminae I–II was more
scattered compared with the non-stressed groups which
concentrated mainly over the medial aspect of the lam-
inae. Among the three groups, ketamine stressed group
demonstrated the highest FLI expression on both the ip-
silateralandcontralateralsidesofthespinalcord(Figure
4).
Ipsilateral side
On the ipsilateral side, analysis by two-way ANOVA re-
vealed significant effects of stress in all laminae. There
werealsosignificanteffectsofdrugandstress-druginter-
action in laminae I–II, III–IV and V–VI (Table 1). One-way
ANOVA with post hoc Tukey test for the drug groups
showed that in the non stressed groups, both morphine
and ketamine had significantly lower density of FLI on
the ipsilateral side (morphine: laminae I–II and laminae
V–VI, p<0.001; ketamine: laminae I–II, p<0.001 and
laminae V–VI, p<0.05) compared to saline. Presence of
stress caused a significant reduction in FLI expression in
the salinegroup (laminaeI–II andlaminaeV–VI, p<0.01)
compared with saline non-stressed. In morphine and
ketamine groups, however, stress caused increases in
FLI expression compared with their respective non
stressed groups (morphine: laminae I–II, III–IV and V–VI:
p<0.001;laminaeVII–X:p<0.01comparedwithmorphine
non stressed; ketamine: laminae I–II, p<0.001; laminae
III–IV, p<0.05; laminae V–VI, p<0.05 compared with
ketamine non stressed). Comparing all stressed groups,
ketamine stressed group showed a significantly higher
FLI expression compared to the saline stressed group
(laminae I–II, p<0.001; laminae III–IV, p<0.05; laminae
V–VI, p<0.01) and morphine stressed group (laminae
I–II, p<0.001; laminae V–VI, p<0.05) (Figure 5).
Table1:Fvaluesobtainedwithtwo-wayANOVAonFLIforstress
andnon-stressgroupsandthethreedrugtreatment(ipsilateral
side)
Contralateral side
On the contralateral side, analysis by two-way ANOVA re-
vealed significant effects of both stress and drug factors
inlaminaeI–II,III–IVandV–VI,andstress-druginteraction
in laminae I–II and V–VI (Table 2). One-way ANOVA with
post hoc Tukey test showed that in the non-stressed
groups, no significant differences were seen among the
three groups. Saline stressed group had a significantly
higher FLI expression in laminae I–II (p<0.01) and lam-
inae V–VI (p<0.001) compared to saline non-stressed
group. Morphine stressed group demonstrated signifi-
cantly higher FLI expression in all laminae but is most
marked in laminae III–IV and laminae V–VI (p<0.001)
compared to morphine non-stressed group. Ketamine
stressed group also showed a significantly higher FLI ex-
pressioninlaminaeI–II(p<0.001),laminaeIII–IV(p<0.05)
and laminae V–VI (p<0.01) compared to ketamine non-
stressed group. Comparing all stressed groups, the FLI
expression was significantly higher in the ketamine
stressed group compared to saline stressed group (lam-
inae I–II, p<0.01; laminae V–VI, p<0.05) and morphine
stressed group (laminae I–II, p<0.001) (Figure 6).
6/12 GMS German Medical Science 2008, Vol. 6, ISSN 1612-3174
Asma Hayati et al.: Modulation of formalin-induced ...Figure 3: Photomicrographs showing FLI in spinal cord sections at level L4/L5 of non-stressed groups in different laminae
(ipsilateral side). (a) saline; (b) morphine; (c) ketamine. I–II: superficial lamina; III–IV: nucleus proprius; V–VI: neck of dorsal
horn. Arrow indicates the dark staining Fos positive neurons (FLI) (magnification X 50).
Figure 4: Photomicrographs showing FLI in spinal cord sections at level L4/L5 of stressed groups (ipsilateral side). (a) saline;
(b) morphine; (c) ketamine. Arrow indicates the dark staining Fos positive neurons (FLI) (magnification X 50).
Table2:Fvaluesobtainedwithtwo-wayANOVAonFLIforstress
and non-stress groups and the three drug treatment
(contralateral side)
From these results, it can be concluded that the signifi-
cant interactions between stress and drug indicate that
there is significant effect of stress but it is not the same
in each drug. It also indicates that the effects of drugs
aresignificant,butthedrugeffectsaredifferentbetween
those with stress and those without stress.
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For comparison between drug groups, please refer to text. n=5 for both goups. Values are means ± S.E.M.
Figure 6: Comparison of FLI in (a) saline, (b) morphine, and (c) ketamine stressed and non-stressed groups (contralateral side).
For comparison between drug groups, please refer to text. n=5 for both goups. Values are means ± S.E.M.
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The biphasic response after formalin injection is due to
direct chemical stimulation of nociceptors for phase 1
[31], and local inflammatory processes [44] as well as
processesinthespinalcord[45]forphase2.Thefinding
that ketamine suppressed phase 2 but not phase 1 of
the formalin test in this study is consistent with previous
studies that used even higher doses of ketamine [46].
Lee and Lee [47] demonstrated suppression of both
phases but the quantification of pain behaviour was only
by counting the incidence of flinching. This study shows
thataketaminedoseaslowas5mg/kgisantinociceptive
in the rat formalin test as shown in previous studies [37],
[47]. Studies done with other NMDA antagonists such as
dextromethorphan and memantin [46] and MK-801 [48]
also showed similar pattern of phase 2 suppression. The
fact that ketamine produced preemptive analgesia by
preventingcentralsensitizationduringphase1asshown
by Gilron et al. (37) is supported by clinical data suggest-
ing preemptive analgesia with ketamine [20], [49] and
by electrophysiological study demonstrating inhibition of
dorsal horn neuronal firing by ketamine after noxious
stimulation [50].
Following systemic administration of ketamine, several
mechanisms have been proposed to be involved in pro-
ducing the analgesia. The first one reflects actions of
ketamineonmechanismswithinthespinalcordinvolving
central sensitization [51]. Other mechanisms include
supraspinal actions, either by inhibiting NMDA receptors
at,forexample,thalamicsites,oractivationofdescending
pain inhibitory mechanisms involving biogenic amines
[52]. Active metabolites such as norketamine also con-
tribute to systemic actions of ketamine [53]. It has also
been shown that antagonists of NMDA receptors modu-
late elevated discharge of spinal nociceptive dorsal horn
neurons that manifests as suppression of phase 2 of the
formalintest[54].Benrathetal.[55],inaninvivoexperi-
ment, demonstrated that low-dose S(+)-ketamine does
notaffectC-fibre-evokedpotentialsalonebutblockslong
term potentiation induction in pain pathways.
Swim stress, as expected, reduced formalin nociceptive
responseduringthesecondphase.Previousstudiesusing
similarswimstressparadigmalsoproducedsimilarresult
[56]. The analgesia produced by this swim stress
paradigm has been shown to be mediated by δ-opioid
receptor [56]. However another study by Vaccarino et al.
[33]showedthatsubjectingmicetothesameswim-stress
paradigmproducedanon-opioidanalgesiaintheformalin
test. This and another study [23] demonstrated that an-
other NMDA antagonist, MK-801 (dizocilpine maleate),
blocked the analgesia produced by swim stress. This is
in contrast with this study which showed enhancement
of stress-induced analgesia by ketamine. However, Vac-
carino et al. [33] only measured formalin-induced
nociceptiveresponseduringtheinitial10minutesfollow-
ingformalininjectioni.e.equivalenttophase1.Therefore,
the NMDA mediation of the swim stress may be involved
only during phase 1. However, in this study, ketamine
inhibited the first phase after swim stress i.e. producing
analgesiainsteadofblockingitsosomeotherexplanation
may be likely for this discrepancy [56]. The reason may
be due to diminished NMDA-mediated neural transmis-
sion by swim stress [57]. This study also demonstrated
theadditiveeffectsofswimstressandthetwotreatment
groupsmorphineandketamineduringphase2.Posthoc
analysis did not show significant difference between
ketamine and morphine.
Formalin injection induced FLI expression on the ipsilat-
eral side of the spinal cord in the unstressed rats. In-
traperitoneal administration of morphine and ketamine
significantly reduced FLI expression on the ipsilateral
side. These findings are consistent with earlier studies
demonstrating that morphine [58], [59] and ketamine
[40], [60] reduce FLI expression on the ipsilateral side of
the spinal cord. This is consistent with the behavioural
analgesia observed in the formalin test.
Followingacuteswimstress,however,markeddifference
was observed in the effects of formalin injection on the
FLI expression in the three groups. FLI expression was
markedly reduced on the ipsilateral side of the formalin
injection in the saline stressed group possibly through
descending pain inhibitory system [61], and segmental
pain modulation in the spinal cord [62], [63]. On the
contralateralside,however,FLIexpressionwasincreased.
This indicates that for FLI to be induced on the contralat-
eral side, both pain stimulus and stress have to be
present. Bruijnzeel et al. [64] and de Lange et al. [65]
demonstrated how a single stressful experience caused
altered brain and brain stem responsivity as evidenced
by increased c-fos expression although behavioural
sensitizationwasnotexpressed.Craneetal.[66]showed
that restraint stress induced c-fos expression in the
sympatheticpreganglionicneuronsofthethoracicspinal
cord. All these findings suggest alterations in the neural
pathways involved in the processing of stress and pain.
Fortheexperimentalgroups,bothmorphineandketamine
increased FLI expression on both sides of the spinal cord
(laminae I–II and laminae V–VI). This again shows that
in the presence of stress, the analgesia seen by behav-
ioural assessment is not mirrored by the FLI expression
which is indicative of neuroplastic changes in the pain
pathway. While the behavioural component of pain was
suppressed, the c-fos proto-oncogene continued to be
expressed. Moreover, stress and morphine or ketamine
increased the induction of FLI expression, suggesting
synergistic action of stress and either of the two drugs
on FLI induction. This indicates that in the presence of
acute swim stress, both morphine and ketamine fail to
prevent spinal sensitization despite inhibition of behav-
ioural manifestation of pain. The discrepancy between
behavioural responses and FLI could be contributed by
the potential analgesic effects of ketamine unrelated to
NMDA receptor antagonism [67], or induction of FLI by
ketamine via the σ receptors [43]. This discordance
between pain behaviour and spinal FLI was also shown
by Gilron et al. [37]. The increase in FLI expression in the
swim stress groups could also be due to neuronal activa-
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by noxious stimulation and stress-induced modulatory
pathwaysrespectively[68].However,inthisstudy,recep-
tor-labelling was not done to determine the neurons that
expressed FLI. Of more concern is whether the neuronal
activation can lead to long-term detrimental changes in
the central nervous system. This study used only one in-
dicative factor (FLI) and cannot be used to conclude for
overall neuronal activity since each visualization param-
eter such as FosB, FRA, or Jun proteins has its own
characteristics of expression [69]. Also, most neuronal
activitymightnotbelinkedwithinductionoftranscription
factors. Alternative approaches to monitor neuronal
activityshouldbeemployedsuchasexaminationofsignal
transductionintermediates,transcriptional/translational
intermediates, and receptor translocation [70].
Inclinicalsituations,thefactthatketaminepretreatment
produces conflicting results suggests the presence of
confounding effects of stress either in the form of opera-
tive, psychological, or other forms of stress. However,
further research is required before this parallelism
betweenclinicalandanimalstudiescanbemade.Atthis
point, it can be suggested that pain assessment based
onwhatisfeltbythepatient,suchastheVisualAnalogue
Scale (VAS), does not necessarily mirror the plasticity
changes taking place in the spinal cord. Similarly, this
study shows that although c-fos is often considered as a
marker for neuroplasticity changes in the spinal cord, it
maynotnecessarilyreflecttheonlychangesinneuroplas-
ticity that occur in relation to pre-emptive analgesia.
Stress is a major factor that must be considered in acute
pain management in order to prevent c-fos expression
and neuroplastic modification of the pain pathway [71].
Findings from the present study suggest that stress to-
gether with pain can enhance neuroplasticity changes.
In conclusion, these investigators report significant in-
crease in FLI expression in the spinal cord in association
with stress and pretreatment with ketamine/morphine
intheformalinpainmodel.Thisstudysuggeststhatequal
emphasis has to be placed on the management of both
pain and stress as neuroplasticity may lead to long-term
changes in the central nervous system.
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